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DILQ GH GpWHFWHU FHUWDLQV GpIDXWV DX VHLQ GH VWUXFWXUHV





OD PLVH HQ SODFH GHV PRGqOHV XWLOLVpV SRXU UpDOLVHU GHV
VLPXODWLRQV SUpGLFWLYHV MXVTX¶j OD FRPSDUDLVRQ j
O¶H[SpULPHQWDWLRQ'HSOXV ODYDOLGDWLRQGH ODGpPDUFKH
HVW pWD\pH SDU VRQ DSSOLFDWLRQ j XQ GpPRQVWUDWHXU WHVW




/¶LQWpJUDWLRQ GH QRXYHOOHV WHFKQRORJLHV DX VHLQ GH
FRPSRVDQWVRXPRGXOHVjSOXVKDXWUDWLRSXLVVDQFHPDVVH
RX SXLVVDQFHYROXPH HQWUDLQH XQH UHPLVH HQ FDXVH GHV
FRQQDLVVDQFHV SRXU O¶pYDOXDWLRQ GH OD ILDELOLWp HW GH OD
GXUpH GH YLH GH FHV QRXYHDX[ V\VWqPHV 'DQV OD
GpPDUFKHDFWXHOOHG¶pYDOXDWLRQGHODILDELOLWpGHVWHVWVGH
YLHLOOLVVHPHQWVRQWPLVHQSODFHSRXUWHQWHUGHUHSURGXLUH
OHV PRGHV HW PpFDQLVPHV GH GpIDLOODQFH LGHQWLILpV HW
DLQVL FDUDFWpULVHU OHXU SUREDELOLWp G¶RFFXUUHQFH HW OHV
FRPELQDLVRQV HW F\FOHV GH VROOLFLWDWLRQV FULWLTXHV &HWWH
GpPDUFKH FRQVLVWH j OD PLVH HQ °XYUH GH WHVWV GH




SDV G¶LQIRUPDWLRQ VXU O¶pWDW GH VDQWp GH O¶REMHW HQ FRXUV
GH IRQFWLRQQHPHQW &HSHQGDQW ORUV GH VRQ
IRQFWLRQQHPHQW HQ HQYLURQQHPHQW DSSOLFDWLI LO HVW
LQWpUHVVDQWG¶DYRLUXQHLQIRUPDWLRQGHO¶pWDWGHVDQWpGHV
FRPSRVDQWV GX V\VWqPH HQ YXH GH OHXUV PDLQWHQDQFHV
SUpGLFWLYHV $ FHWWH ILQ GHV PpWKRGHV GH &RQWU{OH 1RQ
'HVWUXFWLI &1' SRXUUDLHQW rWUH HPSOR\pHV >@ 3DUPL
FHOOHVFL OHV PpWKRGHV OLpHV DX[ SKpQRPqQHV
G¶LQWHUDFWLRQV pOHFWURPDJQpWLTXHV SUpVHQWHQW XQ LQWpUrW
SRXU O¶pOHFWURQLTXH GH SXLVVDQFH 3DU H[HPSOH FHV
GHUQLqUHV SHXYHQW SHUPHWWUH O¶H[WUDFWLRQ GHV SDUDPqWUHV
LQWHUQHVjXQFRPSRVDQWGHSXLVVDQFH>@'DQV>@XQH
GpPDUFKH H[SpULPHQWDOH HVW SURSRVpH SRXU FDUDFWpULVHU
O¶DSSDULWLRQ GH GpIDXWV DX VHLQ GH VWUXFWXUHV
G¶LQWHUFRQQH[LRQ GH W\SH ball grid array VXLWH j GHV
F\FOHV WKHUPLTXHV DX VHLQ G¶DVVHPEODJH SRXU OD
UDGLRIUpTXHQFH (OOH FRQVLVWH j REWHQLU
H[SpULPHQWDOHPHQWOHVWUDFpVGHVSDUDPqWUHV6/¶DQDO\VH
GHVFRXUEHVpWDEOLWTXHODPRGLILFDWLRQGHVVWUXFWXUHVGXH
DX YLHLOOLVVHPHQW PRGLILH OHV UpSRQVHV HQ UpIOH[LRQ
/¶pWXGH GpFULWH LFL V¶DSSXLH VXU XQH GpPDUFKH
H[SpULPHQWDOH VHPEODEOH PDLV HVW FRPSOpWpH SDU
O¶H[SUHVVLRQG¶XQPRGqOH/¶DSSURFKHGHPRGpOLVDWLRQHVW
LQVSLUpH GH FHOOH XWLOLVpH SRXU VLPXOHU GHV GpIDXWV GH
FDUWHVpOHFWURQLTXHVFRPSUHQDQWGHVYLDV WUDYHUVDQWV >@
&HWWH PRGpOLVDWLRQ SDU FLUFXLW pOHFWULTXH pTXLYDOHQW





GH SXLVVDQFH O¶pWDW GH O¶DUW D SHUPLV G¶LGHQWLILHU OHV
SULQFLSDX[SKpQRPqQHV GH GpJUDGDWLRQ HWRX GpIDLOODQFH
GHV DVVHPEODJHV GH SXLVVDQFH >@ 3DUPL HX[ OD IDWLJXH
WKHUPRPpFDQLTXHHQJHQGUpHSDUOHVF\FOHVGHSXLVVDQFH
HQWUDLQH VRXYHQW GHVPpFDQLVPHV GH GpIDLOODQFH GHV ILOV
GHFRQQH[LRQ>@/DFDUDFWpULVDWLRQGHFHPpFDQLVPHGH
GpIDLOODQFH DVVRFLp j GHV VWUXFWXUHV JpRPpWULTXHV
UHSUpVHQWDWLYHVGHO¶pOHFWURQLTXHGHSXLVVDQFHFRQVWLWXHUD
O¶REMHFWLIGHFHWUDYDLO
/HV WUDYDX[ SUpVHQWpV LFL GpWDLOOHQW OD GpPDUFKH
HQWUHSULVH SRXU GpPRQWUHU OD IDLVDELOLWp G¶XQ &1'
RULJLQDO j WUDYHUV GHV VLPXODWLRQV pOHFWULTXHV HW GHV
PHVXUHVH[SpULPHQWDOHV$WHUPH OHV WUDYDX[YLVHQWj OD
PLVH j MRXU GDQV OH FRQWHQX KDUPRQLTXH GHV VLJQDX[
FRQGXLWV RX UD\RQQpV G¶XQ PRGXOH GH SXLVVDQFH GHV
LQIRUPDWLRQV OLpHV j VRQ pWDW GH VDQWp 3OXV SUpFLVpPHQW
GDQV FHWWH pWXGH OD PpWKRGH GH &1' FRQVLVWH HQ XQH
FDUDFWpULVDWLRQ H[SpULPHQWDOH GH GpIDXWV SK\VLTXHV GDQV
OHV FRPSRVDQWV G¶pOHFWURQLTXH GH SXLVVDQFH DX PR\HQ
G¶DQDO\VHVGHVVLJQDX[pOHFWURPDJQpWLTXHVFRQGXLWV$ILQ
G¶pSURXYHUHWFRPSOpWHU ODPpWKRGHHWSRXYRLU LGHQWLILHU




/DPpWKRGH GH&1'GpFULWH SHUPHW GH TXDQWLILHU O¶pWDW
G¶LQWpJULWp G¶XQ VLJQDO TXL FRQVLVWH j OD PHVXUH GH OD
WUDQVPLVVLRQ HW GH OD UpIOH[LRQ G¶XQH SXLVVDQFH LQMHFWpH
GDQV GHV SURWRW\SHV VDLQ HW GpIDLOODQW UHSUpVHQWDWLIV GHV
DVVHPEODJHVGHO¶pOHFWURQLTXHGHSXLVVDQFH&HVPHVXUHV
HW OHXUV DQDO\VHV GpFRXOHQW GH OD GpWHUPLQDWLRQ HW GH
O¶H[SUHVVLRQ GHV SDUDPqWUHV 6 /D PRGLILFDWLRQ GH OD
UpSRQVH FDUDFWpULVWLTXH HQ WUDQVPLVVLRQ RX HQ UpIOH[LRQ
SHUPHWWUD DLQVL GH FRQVWDWHU XQ FKDQJHPHQW
pYHQWXHOOHPHQW XQH DOWpUDWLRQ GDQV OH FDV G¶XQH
GpIDLOODQFH GX FRPSRUWHPHQW pOHFWULTXH HW GRQF GX
FLUFXLWpOHFWULTXHVROOLFLWp
/D GpPDUFKH HQWUHSULVH HVW UpDOLVpH HQ VL[ pWDSHV
VXFFHVVLYHVDQDO\VHSUpOLPLQDLUHFRQFHSWLRQGXVFKpPD
pOHFWULTXH GX SURWRW\SH H[WUDFWLRQ GHV YDOHXUV GHV
SDUDPqWUHV SK\VLTXHV DVVRFLpV DX SURWRW\SH VLPXODWLRQV
GX SURWRW\SH PHVXUHV H[SpULPHQWDOHV FRPSDUDLVRQ GHV
UpVXOWDWVH[SpULPHQWDX[DYHFFHX[SUpDODEOHPHQWVLPXOpV
/D FRPSDUDLVRQ GHV UpVXOWDWV FRQVLVWH j UpDOLVHU XQH
DQDO\VH IUpTXHQWLHOOH GHV UpSRQVHVPHVXUpHV HW VLPXOpHV
SRXUOHVSURWRW\SHVVDLQHWGpIDLOODQW
$ O¶LVVXH GH OD SUHPLqUH pWDSH OHV FKHPLQV GH FRXUDQW
VXVFHSWLEOHV G
rWUH PRGLILpV GX IDLW GH O¶DSSDULWLRQ G¶XQ
PpFDQLVPH GH GpIDLOODQFH VRQW LGHQWLILpV 3RXU FKDTXH
FRQVWLWXDQW GH FH FKHPLQ SLVWH GH FRQGXFWLRQ ILO GH
ERQGLQJHWFXQPRGqOHpOHFWULTXHHVWpWDEOL ,O V¶DSSXLH
VXU OHV UHSUpVHQWDWLRQV GHV OLJQHV GH WUDQVPLVVLRQ SDU
DVVRFLDWLRQGHTXDGULS{OHVpOpPHQWDLUHV
$ SDUWLU GX PRGqOH QXPpULTXH WULGLPHQVLRQQHO
O¶H[WUDFWLRQ SDUDPpWULTXH GHV pOpPHQWV 5 UpVLVWDQFH /
LQGXFWDQFH&FDSDFLWp*FRQGXFWDQFHSRXUFKDFXQGHV
FRQVWLWXDQWV LGHQWLILpV SHUPHW GH FRPSOpWHU OH PRGqOH
pOHFWULTXH SUpFpGHQW /D VLPXODWLRQ GH FH VFKpPD
pOHFWULTXH pTXLYDOHQW HVW UpDOLVpH SDU OD VROOLFLWDWLRQ HQ





Fig. 1. Principe de simulation. 




j O¶DQDO\VHXU GH UpVHDX GX SDUDPqWUH VHURQW FRPSDUpV
DYHFFHX[SUpDODEOHPHQWVLPXOpV/¶DQDO\VHIUpTXHQWLHOOH
HW OD FRPSDUDLVRQ GHV UpVXOWDWV REWHQXV SHUPHW DLQVL
G¶XQH SDUW GH YDOLGHU O¶DSSURFKH PpWKRGRORJLTXH HW




$ILQ G¶pSURXYHU OD PpWKRGH QRXV DYRQV FRQoX HW
GpYHORSSp XQ SURWRW\SH VSpFLILTXH HQ QRXV IRFDOLVDQW
SULQFLSDOHPHQW VXU OHV GpIDLOODQFHV OHV SOXV
FRPPXQpPHQWREVHUYpHV OH VRXOqYHPHQWRX OD UXSWXUH
G¶XQILOGHERQGLQJ(QSUHPLqUHDSSUR[LPDWLRQFHVGHX[
SKpQRPqQHV YRQW pOHFWULTXHPHQW VH WUDGXLUH GH IDoRQ




)LJ  /D IDFH LQIpULHXUH IRUPH XQ SODQ GH PDVVH
XQLIRUPHHWODIDFHVXSpULHXUHHVWFRQVWLWXpHGHSLVWHV
XQHSLVWHGHPDVVH0DVVHTXLUpDOLVHODOLDLVRQHQWUHOHV
PDVVHV GHV GHX[ FRQQHFWHXUV 60$ /HV GHX[ DXWUHV
SLVWHV3LVWHHW3LVWHRQWGHVGLPHQVLRQVLGHQWLTXHVHW
SHUPHWWHQW O¶DFFURFKH GHV GHX[ ILOV GH ERQGLQJ
G¶DOXPLQLXPGHPGHGLDPqWUH/DGHVFULSWLRQTXH
QRXV YHQRQV G¶HIIHFWXHU HVW FHOOH G¶XQ SURWRW\SH VDLQ
F
HVWjGLUH TXH OHV GHX[ ILOV GH ERQGLQJ VRQW LQWqJUHV
'DQV OH FDV G¶XQ SURWRW\SH GpIDLOODQW LQGLIIpUHPPHQW
O¶XQGHVGHX[ILOVGHERQGLQJQHUHPSOLUDSOXVVRQU{OHGH




Fig. 2. Description de la face supérieure du prototype. 
$ILQ G¶H[WUDLUH OHV LPSpGDQFHV QpFHVVDLUHV j OD
PRGpOLVDWLRQ pOHFWULTXH YRLU )LJ  OHV GLPHQVLRQV
JpRPpWULTXHV GHV GLIIpUHQWV PDWpULDX[ FRQVWLWXDQW OH
SURWRW\SH VRQW LQWpJUpHV GDQV XQ VROYHXU
pOHFWURPDJQpWLTXH /HV LPSpGDQFHV DLQVL REWHQXHV VRQW
UHJURXSpHV VRXV OD IRUPH GH OLJQHV GH WUDQVPLVVLRQ
UHSUpVHQWDWLYHVGHVFRQVWLWXDQWVSK\VLTXHVGXSURWRW\SHj
VDYRLU OHVGHX[FRQQHFWHXUV60$ OHVGHX[SLVWHVHW OHV
GHX[ ILOV GHERQGLQJ SDUWLHGHGURLWHGH OD)LJ&HV
OLJQHV GH WUDQVPLVVLRQV VHURQW LQGLIIpUHPPHQW
UHSUpVHQWpHV VRXV IRUPH GHPRGqOHV HQ 7 RX HQS /HV
GHX[ SRUWV GH O¶DQDO\VHXU GH UpVHDX VRXUFH HW FKDUJH
DGDSWpHV : HW OHXU FRQQHFWLTXH OLJQHV GH






























4XDQW j OD PRGpOLVDWLRQ pOHFWULTXH GX SURWRW\SH
GpIDLOODQW HOOH HVW REWHQXH HQ VXSSULPDQW WRXV OHV
pOpPHQWVGHODEUDQFKHGXERQGLQJJpQpUDWHXUGXGpIDXW
/HV UpVXOWDWV GH VLPXODWLRQ GDQV OHV PrPHV FRQGLWLRQV
H[SpULPHQWDOHVSRXUOHVSURWRW\SHVVDLQHWGpIDLOODQWVRQW
FRPSDUpV j OD )LJ  3RXU OHV IUpTXHQFHV LQIpULHXUHV j
N+] QRXV REVHUYRQV XQH DXJPHQWDWLRQ GH G% GX
PRGXOHGXFRHIILFLHQWGHUpIOH[LRQ6FHTXLFRQILUPH
ELHQXQH DXJPHQWDWLRQGH O¶LPSpGDQFHSRXU FHWWH EDQGH
GHIUpTXHQFHGXSURWRW\SHVRXV WHVWGXIDLWGH OD UXSWXUH
GX ILO GH ERQGLQJ 'H SOXV OH SURWRW\SH VDLQ SUpVHQWH
GHX[ IUpTXHQFHV GH UpVRQDQFH UHVSHFWLYHPHQW j
0+]IHW0+]IFRQWUHXQHXQLTXHSRXUOH
SURWRW\SHGpIDLOODQWVLWXpHj0+]I(QILQjFHWWH
GHUQLqUH IUpTXHQFH VSpFLILTXH QRXV QRWRQV XQ pFDUW




Fig. 4. Comparaison des simulations des modèles sain et 
défaillant du prototype sous test. 
'DQV OH FDGUH GH QRWUH SUREOpPDWLTXH GH GpWHFWLRQ GH
GpIDXWV FHV LQIRUPDWLRQV V¶DYqUHQW HVVHQWLHOOHV $ FH
VWDGH FHV GRQQpHV GRLYHQW rWUH FRQILUPpHV SDU
O¶H[SpULPHQWDWLRQ'DQVFHWWHRSWLTXHQRXVDYRQVUpDOLVp




Fig. 5. Prototype de test réalisé. 
'HPrPH QRXV DYRQVPLV HQ SODFH XQ EDQF GH WHVW HQ




O¶DLGH GH FkEOH DGDSWpV : YRLU )LJ  /D EDQGH GH
IUpTXHQFH UHWHQXHSRXU OHVPHVXUHV HVW LGHQWLTXH j FHOOH




Fig. 6. Expérimentation mise en œuvre. 
/HV UpVXOWDWV GH PHVXUHV HIIHFWXpHV VXU OHV GHX[
SURWRW\SHV VDLQ HW GpIDLOODQW VRQW SUpVHQWpV j OD )LJ 
*OREDOHPHQWQRXVUHWURXYRQVGHVFRXUEHVVLPLODLUHVDX[
VLPXODWLRQV PRGLILFDWLRQ GH OD UpVLVWDQFH HQ EDVVH
IUpTXHQFH GHX[ IUpTXHQFHV GH UpVRQDQFH SRXU OH
SURWRW\SHVDLQHWXQHXQLTXHSRXUOHGpIDLOODQW

Fig. 7. Comparaison des mesures des prototypes sous test 
sain et défaillant. 
$ILQ GH YDOLGHU OHV PRGpOLVDWLRQV GHV GHX[ SURWRW\SHV
QRXV DYRQV FRPSDUp OHV UpVXOWDWV GH VLPXODWLRQV DYHF
FHX[ H[SpULPHQWDX[ DXVVL ELHQ SRXU OH SURWRW\SH VDLQ
YRLU)LJTXHSRXUOHSURWRW\SHGpIDLOODQWYRLU)LJ

Fig. 8. Comparaison de la simulation et de la mesure du 









IUpTXHQFH GH UpVRQDQFH DYHF XQ pFDUW G¶DPSOLWXGH
G¶HQYLURQ G% (Q UHYDQFKH OD VHFRQGH IUpTXHQFH GH
UpVRQDQFH PHVXUpH j *+] Q¶HVW SDV UHWURXYpH HQ
VLPXODWLRQ j OD PrPH YDOHXU GH IUpTXHQFH 3DU





Fig. 9. Comparaison de la simulation et de la mesure du 
prototype sous test défaillant. 
(QFHTXLFRQFHUQHOHPRGqOHSRXUOHSURWRW\SHGpIDLOODQW
OD VLPXODWLRQ HW OD PHVXUH FRUUqOHQW SDUIDLWHPHQW &HFL
FRQILUPHGRQFWRXW O¶LQWpUrWGHQRWUHPpWKRGH$LQVL OHV
SKpQRPqQHV GH UpVRQDQFH GpWHFWpV DSUqV OD SUHPLqUH
UpVRQDQFH GLVSDUDLVVHQW ,OV VHPEOHQW GRQF rWUH OLpV j OD
SUpVHQFH GH SOXVLHXUV ILOV GH ERQGLQJ GDQV OH FDV GH
VWUXFWXUHVVDLQHV
,9 6<17+Ê6((73(563(&7,9(6
&HWWH SUHPLqUH H[SpULPHQWDWLRQ D SHUPLV GH YDOLGHU HQ
SDUWLH OHV PRGqOHV SUpGLFWLIV GH GpWHFWLRQ SDU DQDO\VH
pOHFWURPDJQpWLTXHGHGpIDXWV OLpVjXQHUXSWXUHGHILOGH
ERQGLQJGDQVXQH VWUXFWXUH VH UDSSURFKDQWGHFHOOHG¶XQ
PRGXOH GH SXLVVDQFH 'H SOXV GDQV OD SURVSHFWLYH GH
PLVH HQ °XYUH G¶XQH PpWKRGH GH GpWHFWLRQ GH GpIDXWV
G¶XQ PRGXOH GH SXLVVDQFH HQ FRXUV GH IRQFWLRQQHPHQW
FHUWDLQHV LQIRUPDWLRQVSULPRUGLDOHVRQW pWpPLVDX MRXU
O¶DSSDULWLRQ GH OD SUHPLqUH IUpTXHQFH GH UpVRQDQFH GX
PRGXOH GpIDLOODQW VH UHWURXYDQW GpFDOpH YHUV GHV
IUpTXHQFHV LQIpULHXUHV WRXWH HQ D\DQW XQH GLIIpUHQFH





QRXYHDX SURWRW\SH GH WHVW YD SURFKDLQHPHQW rWUH
GpYHORSSp /HV SULQFLSDOHV DPpOLRUDWLRQV DX[TXHOOHV LO
GHYUD UpSRQGUH SRUWHQW DXVVL ELHQ VXU OHV GLPHQVLRQV
JpRPpWULTXHVHWOHVPDWpULDX[PLVHQ°XYUHTXHVXUXQH
FRPSOH[LILFDWLRQ GH OD VWUXFWXUDWLRQ LQWHUQH GX PRGXOH
&HWWH pWDSH LQFRQWRXUQDEOH j OD PLVH HQ SODFH G¶XQH
GpWHFWLRQ GH GpIDXWV GHYUDLW j WHUPH SHUPHWWUH GH
GpYHORSSHU XQ RXWLO SRXU UpDOLVHU GHV RSpUDWLRQV GH
PDLQWHQDQFHSUpGLFWLYH
9 &21&/86,216
&HW DUWLFOH D SUpVHQWp OD SUREOpPDWLTXH GH O¶LQWpJUDWLRQ
GHV VWUXFWXUHV GH SXLVVDQFH GH GHUQLqUH JpQpUDWLRQ HQ
WHUPHV GH ILDELOLWp HW GH YLHLOOLVVHPHQW 'H SOXV OD
GpWHFWLRQ GH GpIDXWV GDQV FHV DVVHPEODJHV SDU GHV
FRQWU{OHV GH W\SH QRQ GHVWUXFWLI D pWp DERUGpH 8QH
PpWKRGRORJLH RULJLQDOH GH FRQWU{OH QRQ GHVWUXFWLI SDU
DQDO\VH GHV LQWHUDFWLRQV pOHFWURPDJQpWLTXHV D pWp
SURSRVpH6DPLVHHQ°XYUHD pWp LOOXVWUpHj O¶DLGHG¶XQ
SUHPLHU SURWRW\SH UHODWLYHPHQW SURFKH GHV VWUXFWXUHV GH
SXLVVDQFH DFWXHOOHV 6D PRGpOLVDWLRQ SUpGLFWLYH HW VD
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